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Abstract 
Former investigations on deep-hole drilling using twist drills and MQL indicated that the heat input into the workpiece results not 
only from the primary thermal load within the machining zone but also from the secondary heating at the borehole wall. In order to 
determine the primary heat flow into the machined part an experimental setup for drilling devoid of the influence of the borehole 
wall has been developed. The results show that the machining time is the major factor: the lower the machining time the lower the 
measured temperature within the workpiece. A finite-element-(FE)-based simulation in consideration of the material removal has 
been implemented and studied, regarding the process, the FE-mesh and the time discretisation. Based on the reliable parameter, 
obtained by the discretisation study, a simulation control loop is presented which allows the calculation of the rate of heat flow into 
the machined part. It is remarkable that due to the material removal the heat flow into the workpiece increases when machining 
with higher cutting speed and feed values, while the measured and simulated temperature decreases. 
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1. Introduction 
Dry machining allows on the one hand a reduction of 
the production costs and on the other hand the develop-
ment of environmentally friendly machining processes 
[1]. At the same time the main functions of the cutting 
fluid, such as cooling, lubrication and chip evacuation 
are missing. Particularly in deep-hole drilling operations 
the chip evacuation is essential for the process stability, 
since insufficient chip removal can lead to a chip con-
gestion and tool break-age. In this regard the twist drills 
have an ad-vantage over the classic straight-flute single-
lip deep-hole drilling tool, due to the positive angle of 
twist which supports the chip removal in accordance 
with the “Archimedes’ screw” principle. However, in 
contrast to other cutting operations the completely dry 
machining is mostly not applicable in deep-hole drilling, 
thus the minimum quantity lubrication (MQL) is used as 
a near-dry machining solution [2, 3]. 
The material used in the presented investigations is 
the aluminium cast alloy EN AC-46000 (AlSi9Cu3), 
which is primarily applied in the automotive industry as 
an engine material, for example for cylinder heads and 
automatic gearbox components. Due to the high adhe-
sive tendency of this aluminium alloy a high pressure 
MQL supply with operating pressure of pMQL = 15 bar 
has been used in order to minimise the tool wear and 
focus on the thermal effects. Former investigations have 
shown that the MQL temperature can reach more than 
TMQL = 100°C within a short flow distance be-hind the 
working zone which leads to a secondary heat source at 
the borehole wall [4]. This means that the MQL-flow is 
cooling the tool, the workpiece and the chips close to the 
machining zone, but it heats the workpiece during the 
further flow along the borehole wall [5]. Figure 1 sum-
marises the heat input mechanisms in deep-hole drilling 
using MQL separately for the borehole ground and the 
borehole wall. 
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Fig. 1. Heat input mechanisms in deep-hole drilling using twist drills 
and MQL 
2. Experimental determination of the heat input 
2.1. Experimental setup 
In order to obtain measurement data for both heat 
flows into the workpiece, the heat source at the borehole 
ground has been analysed with the help of the experi-
mental setup, shown in Figure 2a. The investigations 
were carried out on a 4-axis horizontal machining centre 
GROB BZ 600 using internal MQL supply. The tool 
used is a standard deep-hole drilling solid carbide twist 
drill with a diameter of d = 10 mm and a shortened 
length of l = 100 mm, in order to analyse the real cutting 
edge geometry of the deep-hole drilling tool. The tool 
clamping has been realised by a collet chuck. Due to the 
missing shank of the tool, the sealing of the MQL-supply 
has been realised by the use of a flexible tube between 
the tool and the collet chuck as well as an adhesive 
bonding between the tool and the sealing disc (Figure 
2b). The measurement of the temperature within the 
workpiece has been carried out with the help of two 
thermocouples of type K with a diameter of 
dtc = 0.25 mm. The reliable and repeatable positioning of 
the thermocouples has been ensured by blunt cannulas 
(Figure 2c). 
The workpieces in this study have a diameter of dwp = 
9.95 ± 0.01 mm and a total length of lwp = 125 mm. 
Hence the drilling process leads to a complete machining 
of the material and ends at drilling depth of ld = 75 mm. 
The two thermocouples are applied at the centre axis of 
the workpiece with a distance of ltc,1 = 5 mm resp. ltc,2 = 
25 mm from the end point of the drilling process (Figure 
3a), using a small bore-holes with a diameter of db,tc = 
1 mm. 
 
Fig. 2. Experimental setup (a), MQL supply (b) and thermocouple 
fixing (c) 
Typical temperature measurement curves at both 
thermocouple positions are shown in Figure 3b. An off-
set correction has been used to set the initial temperature 
to T = 0°C, in order to evaluate only the temperature 
increase, resulting from the cutting process. The first 
thermo-couple graph (blue) shows a clear maximum 
with a high temperature, resulting from the cut-ting 
process. The second thermocouple (red curve) detects 
the delayed heat propagation within the workpiece. 
A full factorial experiment design has been used for 
the variation of the cutting speed vc and the feed f (Table 
1). The cutting speed vc has been varied in three steps 
between vc = 100 m/min and vc = 170 m/min. Feed val-
ues of f = 0.1 mm, f = 0.2 mm and f = 0.3 mm were con-
sidered. 
Table 1. Variation of cutting speed vc and feed f 
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Fig. 3. Workpiece geometry (a) and typical temperature curves (b) 
2.2. Workpiece temperature 
The results of the maximum measured temperature 
increase at the position of thermocouple 1 are summa-
rised in Figure 4a, which shows the influence of the cut-
ting parameters on the heat development in the work-
piece. Obviously the thermal load of the workpiece de-
creases as the cutting speed and the feed increase. The 
temperature curves in Figure 4b show the process with 
the longest machining time on the left hand side (vc = 
100 m/min and f = 0.1 mm) in comparison to the short-
est process on the right (vc = 170 m/min and f = 
0.3 mm). The grey area illustrates the duration of the 
cutting process and shows that the relatively high ther-
mal conductivity of aluminium leads to a significant 
higher heat flow into the workpiece when drilling with 
lower feed rate vf = 318 mm/min (left). In contrast, the 
highest process parameters and consequently the highest 
feed rate vf = 1,623 mm/min resp. the shortest machining 
time tm  s (Figure 4c) cause the lowest temperature 
increase in the workpiece. 
3. FE-Simulation of the drilling process 
3.1. Modelling 
The thermal simulation of the drilling process is per-
formed in the FE-Software ANSYS as a transient 3d-
analysis which allows the further development of a deep-
hole drilling simulation of non-symmetric workpieces, 
borehole positions etc. The machined region of the 
work-piece is implemented with the help of volume 
segments (Figure 5a). In order to reproduce the material 
removal they are successively deactivated according to 
the particular feed rate during the first simulation stage 
which represents the drilling process. Here the thermal 
conductivity of the corresponding FE-elements is set to a 
near-zero value which leads to an elimination of this 
segment within the thermal conduction solution of the 
workpiece. In this simulation stage the heat source is 
applied as a constant and uniform distributed heat flux at 
the corresponding borehole ground (Figure 5b). A drill-
ing depth of ld = 50 mm has been used within the simula-
tions, since the omitted length of ld = 25 mm has no in-
fluence on the temperature development of the work-
piece. The second simulation stage represents the cool-
ing phase, which is implemented by convective heat 
transfer (cf. Figure 5c). 
 
Fig. 4. Maximum measured temperature (a), temperature curves (b) 
and machining time (c) 
3.2. Study of the model discretisation 
The precision of the simulation results and the repro-
duction of the measured temperature data are functions 
of the input parameters. On the one hand the material 
properties and the applied boundary conditions have a 
major influence on the simulation result. On the other 
hand the model and its discretisation have to be analysed 
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and validated first, in order to obtain reliable results in 
subsequent sensitivity analysis of the input quantities. 
 
Fig. 5. FE-Model and simulation procedure 
The discretisation of the drilling process is imple-
mented by the segmentation of the borehole, which 
represents the geometrical discretisation of the model 
(Figure 6a). Here the segment length in feed direction 
(segment size S) has been investigated in the range from 
S = 0.05 mm (corresponds to the lowest feed per tooth fz 
within the experiments) to S = 2 mm. The influence of 
the FE-mesh has been studied between element sizes of 
E = 1 mm and E = 0.25 mm, which is possible only for S 
becomes E = S. Furthermore the time discretisation has 
been analysed separately in the drilling and the cooling 
stage of the simulation. During the first phase (process) 
p is linked to the segment size S and feed 
rate vf and can be varied only downwards (Figure 6c). In 
the second (cooling) stage the tim c could be 
varied independently from other parameters in the range 
c = 0.1 c = 0.001 s. 
In order to represent the worst case scenario (and as a 
result high thermal gradients within the FE-model) a 
relatively high heat flow of Pw = 1000 W has been used. 
The further input parameters are set to typical values for 
the used alloy and are summarised in Table 2. 
3.2.1. Geometry discretisation 
Figure 7 shows the simulated temperature at thermo-
couple position 1 (cf. Figure 3a) by the segment size 
variation which obviously has a major influence on the 
generated temperature field within the workpiece. 
 
Fig. 6. Discretisation parameters 
The bigger the segment size the higher the heat input 
into the workpiece resp. the maximum temperature. For 
segment sizes close to the feed per tooth values (S = 
0.05…0.1 mm) the results show convergent behaviour, 
which implies that an equilibrium between the material 
removal rate and the thermal conduction velocity is 
reached. 
Table 2. Simulation input parameters 
Heat source 
Rate of heat flow into the workpiece Pw 1000 W 
Material properties 
Thermal conductivity  125 W / m·K 
Density  2,750 kg / m³ 
Specific heat capacity cp 880 J / kg·K 
Convective heat transfer 
Heat transfer coefficient h 175 W / m²·K 
Temperature of the environment Tenv 0°C 
 
The segment size has influence on the position of the 
heat source in every time step of the simulation and it 
could be demonstrated, that using a resolution of the 
geometrical discretisation corresponding to the factual 
feed per tooth is indispensable. Otherwise wrong input 
parameters, such as material properties or heat source, 
have to be implemented, in order to simulate the experi-
mentally determined temperature field. 
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Fig. 7. Influence of the segment size S on the maximum simulated 
temperature Ts,max 
3.2.2. FE-discretisation 
The resolution of the FE-mesh has been analysed for 
a constant segment size of S = 1 mm and constant time 
stepping parameters. The results are shown in Figure 8 
over the varied range of the element size 0.25 mm < E < 
1 mm. The difference between the maximum simulated 
temperatures for the maximum and the minimum ele-
ment size (Ts,max = 102.82°C resp. Ts,max = 102.45°C) 
remains less than 0.4 %. Hence the influence of the ele-
ment size can be classified as marginal. 
 
Fig. 8. Influence of the element size E on the maximum simulated 
temperature Ts,max 
3.2.3. Time discretisation 
The first step within the analysis of the time discreti-
sation is the study of the time stepping during the drill-
ing process stage of the simulation. The results for two 
different segment sizes of S = 2 mm and S = 1 mm are 
shown in Figure 9. The simulated maximum temperature 
Ts,max is significantly affected by the time step p. Here 
no influence of the segment size on the qualitative 
course of temperature Ts,max p can be 
p = 6.84 ms to 
p = 3.42 ms leads to a relative increase of the simu-
lated maximum temperature of less than 1 %. Due to 
p < 3 ms has been defined 
to use for the further simulation procedure. 
 
Fig. 9 p on the maximum simulated tem-
perature Ts,max 
Varying the time step c the 
inversed qualitative course of the maxi-mum simulated 
temperature Ts,max c can be ob-
served. The defined time step for the drilling process 
p < 3 ms seems to be also appropriate for the 
cooling stage, since the relative decrease of the simu-
lated maximum temperature Ts,max remains less than 1 %. 
 
Fig. 10 c on the maximum simulated 
temperature Ts,max 
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4. Heat flow into the workpiece 
4.1. Simulation procedure 
By the appropriate discretisation parameters a simula-
tion loop for determination of the heat source at the 
borehole ground Pw has been developed. The procedure 
is shown in Figure 11 and contains the initialisation with 
Pw = 500 W and an algorithm to calculate a new heat 
flow value for the next simulation run, based on the dif-
ference between measured and simulated temperature. 
 
Fig. 11. Simulation loop for determination of the heat flow into the 
workpiece 
4.2. Results 
The calculated heat flow is shown in Figure 12 over 
the variation of the cutting speed and the feed. The re-
sults indicate an inverse proportional relationship be-
tween the simulated maximum temperature and the 
simulated heat flow which demonstrate that the higher 
the cutting parameter the higher the heat flow but the 
lower the thermal load of the workpiece. Due to the in-
creased material removal rate as increasing the cutting 
speed or the feed the temperature decreases despite the 
higher heat flow. Hence it is not the absolute value of the 
heat flow but the time constants and the feed rate, exert-
ing a dominating influence on the heat input into the 
workpiece. 
5. Conclusion and outlook 
The experimental measurement of the work-piece 
temperature in drilling without a borehole wall shows 
that the thermal load of the machined part depends sig-
nificantly on the machining time. The analysis of the 
corresponding FE-simulation indicates the major influ-
ence of the geometry discretisation of the drilling proc-
ess and the time stepping parameters on the simulated 
temperature and correspondingly on the precision of the 
model. The heat flow into the workpiece has been de-
termined using a simple simulation loop and the results 
demonstrate that due to the different material removal 
rate the thermal load of the workpiece decreases regard-
less of the fact that the heat flow in-creases. Current in-
vestigations focus on the sensitivity analysis of the mate-
rial properties and the boundary conditions as well as on 
the know-how-transfer to a 3D deep-hole drilling simu-
lation. 
 
Fig. 12. Simulated maximum temperature Ts,max and heat flow into the 
workpiece Pw 
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